The recent interpretation of the phonon-roton excitations in superfluid He as a density mode at low wave vector and a quasiparticle excitation at higher Q proposed by Glyde and Griffin is developed.
This improved agreement with experiment and was consistent with the continuous dispersion curve for excitations in a dilute Bose gas derived microscopically by Bogoliubov. In this sense the present use of the name "roton" is a misnomer. The phonon-roton dispersion curve is shown in Fig. 1 While this described the low-Q, phonon region well, at higher Q in the roton region the calculated excitation energy lay significantly above the observed value. The roton energy can be well reproduced by modifying the excitation operator to include backQow and/or interaction with two-or three-density excitation states. Thus, while the density excitation picture works well at low Q, a more complicated state is needed at higher Q. More recent developments 1992 The American Physical Society quasiparticle propagation, described by the single-particle Green function 6, are studied. In the dilute-Bose-gas components; the single-particle Green function 6 with weight in y depending on no(T) and the dynamic susceptibility, g', of the atoms lying above the condensate. The total g and 6 are also coupled via the condensate. ' ' At low Q the fluid supports a sharply defined collective mode which dominates S(Q, co). It is the zero-sound mode characteristic of a strongly interacting fluid proposed by Pines . ' The mode exists in both superfluid and normal He. As Q increases, the mode broadens. ' At the maxon Q (Q= 1.1 A ), the zero-sound mode is broad.
At the roton Q, the observed scattering intensity in nor- (SVP) . These showed that the temperature dependence was different at low Q. At Q =0.4 A the intensity is confined largely to a single peak. This peak broadens with increasing T, but a well-defined single peak remains in normal He above T&. As shown earlier by Woods, the peak position changes little with temperature even above T&. In the interpretation of Stirling and Glyde' ' and Glyde and Griffin the high-and low-Q regions are quite different. At low Q, the sharp peak in S(Q, co) represents scattering chiefly from the collective zero-sound mode in the fluid density proposed by Pines, ' Feynman, and Landau which survives in normal He. At the maxon and roton Q, the sharp peak in S(Q, co) is interpreted as a peak of the single-particle Green function, a quasiparticle excitation. 6 is coupled into S(Q, co) via the condensate in superfluid He with weight proportional to no(T). As T increases, this coupling weakens and at T = Tz where no( T) =0, the quasiparticle peak disappears from S(Q, co A. Density and single-particle excitations
The total density dynamic susceptibility is' ' '
which is related to the observed dynamic structure factor by28& 29
where n (co) is the Bose function. In second quantization, From (9) and (10), we have and using (18), we have
( 20) 6 '=Go ' -X,
Similarly,
where
Collecting results, we have in superfluid He, for
where 60 is the single-particle Green function for a noninteracting Bose gas and X is the total self energy.
We separate X into two parts, X =X+M, where X arises from terms in H describing the atoms above the condensate only and M from terms in H involving the condensate. Formally, we have'
Writing e~= 1 -u (Q)Nz /D"and using (16) - (18), we ob-
In this way we see, comparing (20) and (22) To implement the dielectric formulation for liquid He, we propose a specific model for the "regular" dynamic susceptibility yR =NR /DR, and the "regular" Green function, G =N/D, defined in (11) and (14), respectively.
These are the dynamic susceptibility gR and singleparticle Green function 6 obtained by taking account of the interaction between the atoms lying above the condensate. They may also be called the "uncoupled" func- 
where cosp=cosp+ 6, which leads to
This rather complicated expression reduces to a transparent, readily interpreted form if we assume the quasiparticle width, I sp, is zero (ysp 0), (35) we see that the density and quasiparticle spectral function have the same denominator. Thus, if the spectral functions are sharp, such as at low T and low Q, the density and quasiparticle response of the fluid is the same. In this sense, the density and quasiparticle excitations are one and the same excitation when they are sharp, which we expect to be the case at low Q. Also, so long as S(Q) is independent of T, then, from the f-sum rule, the mode energy of a sharp node will be independent of T. Thus, at low Q in superfluid He the density and quasiparticle response is the same and the excitation could be equally called a density or quasiparticle mode.
III. COMPARISON WITH EXPERIMENT
In the previous section, we set out a simple model of S(Q, to) in superfluid He using the dielectric formulation of Bose fluids. We obtained the specific result (32) by representing the regular or uncoupled density dynamic susceptibility, f'2, , and the single-particle (SP) propagator, G, by (24) and (25) We begin with normal He. In Fig. 2 we compare (27) for normal "He using Go=0. 5 THz and I o=0.25 THz with the intensity observed by Talbot et al. at Q = 1. 13 A ' (maxon) and T=1.90 K (T&=1.928 K). Near Ti and above, the observed intensity is largely independent of T. In Fig. 2 Fig. 3 .
The numerator of (32) has a zero at co=tosp. We identify this zero with the dip in the observed intensity just above the sharp quasiparticle peak in Fig. 3 . The dip in the intensity observed at 20 bars is not very pronounced. In  Fig. 4 Table I constant except 6 and allowing the coupling parameter b, ( T) to vary according to the Bose-gas result (36). This is done for simplicity and to display the key dependence of S(Q, co) on no(T). S(g,co) from (27) Fig. 5 . We believe this is because cosp and Bp are taken as constant and are well separated from one another for the maxon at p =20 bars.
Roton
The parameters in S(Q, co) for the roton at 20 bars were determined exactly as above for the maxon. The resulting parameters are listed in Table I Table I and 6,(T)=6 (0) That is, the coupliqg again separates the quasiparticle and density frequencies requiring ha&0. Thus, both 6 and a change sign from the maxon case. The values of c7)sp(Q) ct)p(Q) and the quasiparticle peak, co(Q), are sketched in Fig. 7 .
B.Saturated vapor pressure
At saturated vapor pressure the position of the quasiparticle peak at low T, co(Q), lies close to the position of the maximum of the scattering for T )T&. It is for this reason that it is difficult to decide from the SVP data whether the quasiparticle peak disappears from S(Q, co) as T is increased or whether the quasiparticle peak simply broadens with increasing T. In the present model, it means that the "uncoupled" quasiparticle and density excitation frequencies, hosp and coo, will lie close together. duced in the model because the zero in the numerator of S (Q, co) In Fig. 11 From Fig. 4 , the dip fills in as pressure is increased. It is interesting that these two effects are correlated here. This broadening may also explain why the structure in S(g,co) at high cu, seen in Fig. 4 Equation (8) is a useful representation when''(Q, m) is a broad function of co, the quasiparticle excitation is sharp and the coupling between the two via the condensate is weak. Under these circumstances, the quasiparticle excitation can be clearly observed in S(g,co) as a sharp component lying on broad scattering. This appears tobe thecaseat Q=2. 5A 'asshownin Fig. 10 . There the quasiparticle excitation appears as a sharp peak at lower co below the broad density component of y', which peaks near the free-atom recoil frequency co"=fig /2m (co+=0.79THz at Q=2. 5A '). As T increases to T~, where no(T) =0, the sharp component disappears from S(g,co) . It is the position of the sharp peak which is traditionally identified ' as the phonon-roton energy at higher Q. The peak in G clearly leads to a peak in the density response and is therefore observable in S(g,co). g, co) can be written in a form identical to (8) as" I'sp=0 g(g, co) =R(g, co) GR(g, co)+y~(g, co),
O 10- R(g, co) contains interference terms between the one and multiphonon components of In a solid, yM(g, co) is always a broad function of co.
The sharp structure in y (g, co) comes from the sharp one-phonon peak in Gt(g, co) . We observe one-phonon energies in y(g, co) of (37) (38) This may be derived as a phonon y or from a randomphase-approximation-(RPA-) like method. In the application of (38), we fitted the corresponding S ( Q, co) to the single density excitation at low Q and focused on reproducing the low-frequency region of the data at higher Q.
The observed intensity at higher Q, especially at the roton in normal He (see Fig. 6 ), has high-frequency tails. Fig. 13 . These are empirical values of coo(g) and I o(g). In Fig. 13 (27) to the data of Andersen et al. (Ref. 37 He (see Fig. 6 ). Thus, we expect M, /M; to be large at the roton where the quasiparticle peak at low co is large in superQuid He. A similar effect but less pronounced occurs at the maxon. Without a description of the high-frequency tail, we cannot make further use of the f-sum rule.
At low Q, we may estimate S(Q) using (27) and (38) In the present rndee, we have included density and quasiparticle excitations. An important result of the dielectric formulation is that the density (y) and quasiparticle (G) propagators share the same denominator as seen from (20) Table   II and I sp =0.0017 THz at T = 1.30 K. (Q, co) at the maxon, roton, and higher Q as a quasiparticle peak and illustrate how this peak disappears from S(g,ro) following no(T). We see that this structure can be obtained keeping all parameters constant except no(T). The temperature dependence might be improved by using no(T) for liquid He rather than the Bose-gas no(T) used here. The model is extremely simple, has clear limitations, and is only a first step toward describing S( g, co ) using the dielectric formulation. Particularly, a clearer basis in microscopic theory and addition of higher co components of S(g,co) is needed.
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